An image analyzer was applied to pre-and post-embedding immunogold labeling with 5-nm gold probes in electron micrographs of several skin basement membrane antigens to improve the visualization of immunolabeling. With a TV camera c o~e c t e d to a color image analyzer, an image of an original immunoelectron micrograph was projected on a TV screen. The image was tecorded in the analyzer as Record 1. After the floating threshold method procedure to reduce the contrast of the skin structure, electron-dense 5-nm gold particles could be easily detected. With the analyzer, these particles were then suitably enhanced in color and in size and their image was recorded as Record 2. Records 1 and 2 were then overlapped on the TV screen to build up a double-image picture. Compared with the small, electrondense 5-nm gold particles in the origmal elemon micrograph, ultrastructural localization of bullous pemphigoid antigen, epidermolysis bullosa acquisita antigen, and the collagenous part of Type VII collagen were more clearly and easily seen, even on low-magnification electron micrographs. The level of background labeling could also be accurately and objectively evaluated. By counting the number of gold particles labeling a certain area and using the analyzer to interpret the result as a diagram, quantitative analysis was also possible. We believe that this technique should be widely applicable to immunogold electron microscopy, not only of skin but also of other substrates of interest. (1 Hisrochem Cytochem 41:123-128, 1993) KEY WORDS: hmunoelectron microscopy; Image analyzer; Colloidal gold; Skin basement membrane. Literature Cited 1. Horisberger M, Rosset J. Colloidal gold, a useful marker for uansmis-
Introduction
For research on the skin with electron microscopy, immunogold has become one of the most valuable labeling probes because of its advantages over immunoperoxidase (1-3). Commercially available gold probes range from 1 nm to 40 nm in diameter. Observability improves with larger gold probes. Small gold probes, however, have advantages including better penetration into the tissue in en bloc pre-embedding labeling (4). Furthermore, the smaller the size of the probe, the greater the number that can be conjugated to a given number ofimmunoglobulin molecules (5). Consequently, the smaller the size of the gold probe used in immunoelectron microscopy, the denser the labeling that can be obtained. Therefore, 5-nm immunogold, the smallest gold probe commercially available that can be detected by transmission electron microscopy, has been widely used for immunoelectron microscopic studies.
However, 5-nm gold probes are too small to be identified in electron-dense structures or in low-magnification electron micrographs. Evaluation of the level of background labeling is also difficult because objective observation of small particles over an entire electron micrograph is not easy. To overcome these problems while retaining the advantages of 5-nm gold probes, we used an image analyzer (Olympus CIA system, SP-500) to enhance such small gold particles in color and in size. Here we present the results of colorenhancing gold particles to improve visualization and gain other advantages in immunogold electron microscopy of the skin. ' Presented in part at the first joint meeting of the Society for Cutaneous Ultrastructure Research and the Japanese Society for Ultrastructural Biology, Vienna, Austria, May 1991. and at the annual meeting of the Japanese Society for Investigative Dermatology, Nagasaki, Japan, July 1991.
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Materials and Methods
Antibodies. Bullous pemphigoid serum was obtained from a patient with circulating autoantibodies (titer 1:640) against bullous pemphigoid antigen (6-8) at the epidermal basement membrane zone. Bullous pemphigoid is an autoimmune blistering disease, and patients exhibit large tense blisters over wide areas. Patients with this condition have circulating IgG autoantibodies against the hemidesmosomal complex at the epidermal basement membrane zone. These antibodies were used at a MO dilution for post-embedding labeling for immunoelectron microscopy.
Epidermolysis bullosa acquisita serum was obtained from a patient with circulating autoantibodies (titer 1:160) against epidermolysis bullosa acquisita antigen (9,lO) at the epidermal basement membrane zone. Epidermolysis bullosa acquisita is also an autoimmune skin disease, and most patients have circulating IgG autoantibodies against the anchoring fibrils at the epidermal basement membrane zone. Patients show blisters at sites of trauma, resulting in atrophic scars. These antibodies were used at a 1:2 dilution for en bloc pre-embedding labeling for immunoelectron microscopy.
Polyclonal rabbit antibody against the collagenous part of Type VI1 collagen was a kind gift from Dr. Leena Bruckner-Tuderman, Department of Dermatology, University of Zurich, Switzerland. This antibody was an affinity-purified polyclonal rabbit antibody to the triple-helical domain of human Type VI1 collagen (11.12) and was used neat for en bloc preembedding labeling for immunoelectron microscopy.
Post-embedding Immunoelectron Miampy. Normal human skm was used as a substrate for post-embedding labeling for immunoelecuon microscopy and was processed as described previously (3,lj). Briefly, skin samples were cut into small pieces (<1 mm3) and cryofixed in liquid propane cooled to -190°C with a KF-80 cryofmation apparatus (Reichert-Jung; Vienna, Austria). Subsequently, the frozen skin was subjected to freeze-substitution in 100% methanol for 48 hr at -80°C with a CS-auto freeze-substitution apparatus (Reichert-Jung). The skin sample was embedded in Lowicryl KllM (Chemische Werke h i ; Waldkraiburg, Germany). Polymerization was initiated under w radiation at -60°C and continued at room temperature.
Ultra-thin sections of the Lowicryl-embedded blocks were cut vertically to the skin surface and collected on nickel grids. Sections were incubated in bullous pemphigoid serum dilution 1:10. The sections were then incubated in a rabbit anti-human IgG (7-chain) (Dako; Copenhagen, Denmark) at a 1:lOOO dilution, followed by incubation in goat anti-rabbit IgG conjugated to 5-nm colloidal gold Uanssen Life Sciences; Wantage, Oxford, UK) at a 1:20 dilution. After the sections were stained with uranyl acetate, they were examined and electron micrographs were taken. As a control, normal human serum diluted 1:20 was used instead of bullous pemphigoid serum.
Pre-embedding Immunoelectron Miampy. Normal human skin used as a substrate for pre-embedding labeling for immunoelectron microscopy was processed as described previously (14). Briefly, freshly obtained skin was immediately cut into small pieces (<1 mm3) and incubated in serum from a patient with epidermolysis bullosa acquisita or with affinity-purified polyclonal rabbit antibody to the triple-helical domain of human Type VI1 collagen (11.12). Skin was then incubated in 5-nm gold-conjugated secondary antibody. After fixation and embedding in resin, ultra-thin sections were cut from the surface of the tissue sample. After the sections were stained with uranyl acetate and lead citrate, they were examined and electron micrographs were taken. As controls, normal human or normal rabbit serum was used instead of primary antibodies.
Application of the Image Analyzer. With a TV camera (Ikegami ITC 370M; Tokyo, Japan), an image of an original electron micrograph was projected onto the TV screen of the color image analyzer (Olympus CIA system, SP 500; Tokyo, Japan) (15). The color image analyzer has 512 x 480 pixels, a total of 24,760 pixels. The image analyzer recognizes images of each pixel by grading brightness from 0 (darkest) to 255 (brightest). The image of the original black-and-white electron micrograph was projected as an assembly of a total of 245,760 pixels possessing respective original grading brightness. This image projected onto the TV screen was recorded as Record 1 in analyzer.
To enhance the density of small electron-dense gold particles on the electron micrograph, the floating threshold method was employed. For the first step, the smoothing filter procedure was done in each pixel of the color image analyzer. In this procedure, grading brightness score of each pixel was calculated as the mean grading brightness of 15 x 15 (total 225) pixels that surrounded the pixel measured in the center. This procedure was performed in each of 245,760 pixels by computer, as shown below.
original grading final grading brightness brightness revised coefficientscore of each pixel after grading brightness (128 in this case) floating threshold method after smoothing filter procedure
The image according to the final grading brightness score of each pixel after the floating threshold method was projected on the TV screen. After this procedure, each gold particle was more apparent and more easily detected as an electron-dense small partide. Finally, a suitable degree of binarization procedure was done to detect the probable distribution of the gold particles.
The distribution of all the gold particles detected on the TV screen was then recorded in the analyzer. To more clearly visualize the localization of each gold particle in the image, the image analyzer was used to enhance the particles to a color and size that was suited to the original micrograph, and this was recorded as Record 2.
Records 1 and 2 were then overlapped to build a double-image picture and recorded as Record 3. At this stage any color and size can be chosen, although only one color and size can be used at a time.
For a trial of quantitative analysis, Record 3 of one immunoelectron micrograph made with bullous pemphigoid antigen was projected onto the TV screen. The plasma membrane of the basal cell keratinwe was manually delineated in the analyzer, and the image analyzer was used to count the total number of detected gold particles distributed in the intracellular and extracellular space. The distance of each partide to the nearest plasma membrane was also measured and the result displayed as a diagram in the image analyzer. Figures 1A-1D show one example of color image processing by the image analyzer on an immunoelectron micrograph detecting bullous pemphigoid antigen. The resolution of the image of an original immunogold electron micrograph was projected on the TV screen by a total of 245,760 pixels (Figure 1A) . After the floating threshold method with the smoothing filter procedure to enhance the density of small electron-dense gold particles on the projected image, they were more easily detectable on the image. Each gold particle, which was detected and recorded as one dot, could then be enhanced by the image analyzer to any size and color ( Figure  1B) . After overlapping Record 1 (original electron micrograph, Figure 1A) and Record 2 (distribution of gold particles, Figure IB) , the size and color of the gold particles could be further enhanced as most appropriate for the individual electron micrograph. For example, the color red was chosen for the gold particles in Figure  IC, whereas blue was chosen for the particles in Figure 1D . With this procedure, a clearer visualization of both intra-and extracellular antigen distribution on and around hemidesmosomes could be achieved ( Figures 1C and ID) compared to the original electron micrograph (Figure 1A) .
Results
Compared to the original image (Figure 2A) , gold particles enhanced in size and color were clear enough to be identified even on a low-magnification immunoelectron micrograph of the bullous pemphigoid antigen (Figure 2B) . Background labeling was objectively detected as well, allowing a fair evaluation of the level of background labeling.
In immunoelectron micrographs of skin labeled with epider- (Figure 3) , antigen distribution on the dermal and the basal lamina ends of the anchoring fibrils was more clearly visualized after application of the color image analyzer ( Figure 3B ) than in the original image (Fig. 3A) . In immunoelectron micrographs of skin labeled with antibody to the collagenous part of Type VI1 collagen ( Figure 4A) , better visualization of antigen in the central banding part of the anchoring fibrils could also be achieved with the image analyzer ( Figure 4B) . The image analyzer can automatically count the number of gold particles in a certain area and make a quantitative analysis. For example, when the plasma membrane was manually delineated on the original image of Figure 1A , the image analyzer could count the total number of detected gold particles in the intraor extracellular area and could measure the distance between each particle and the nearest plasma membrane. The distribution of bullous pemphigoid antigen in the micrograph, including the number and the distance of gold particles to the nearest plasma membrane, could then be automatically displayed as a diagram. Figure 5A , for example, is a diagram made by the analyzer to demonstrate the distribution pattern of a total of 157 gold particles in the intracellular area shown in Figure 1A . Figure 5B demonstrates 38 gold particles in the extracellular area shown in Figure IA . It was obvious, for example, that the majority of bullous pemphigoid antigen immunolabeled with this patient's serum localized intracellularly within 300 nm of the plasma membrane.
Discussion
By applying an image analyzer to immunoelectron micrographs using 5-nm gold particles, better and clearer demonstration of antigen distribution was obtained, with improved visualization of the gold particles. The 5-nm gold particle, the smallest commercially available probe detectable by ordinary transmission electron microscopy, is quite sensitive. However, it is too small to be observed in electron-dense structures or at low magnification. Once the image analyzer detects the small gold probe, the computer can enhance the spot to any size and color. Suitable size and color can be chosen while looking at the image on the TV screen. When the particle has been suitably enhanced, it is much easier to evaluate its distribution, even at low magnification.
In previous reports on the use of 5-nm immunogold electron microscopy, small gold particles could be demonstrated clearly only in high-magnification electron micrographs (3, 12, 14, 16, 17) . The 5-nm gold probe is too small to be observed directly in lowmagnification images. Of course, 15-nm or 20-nm gold probes are easier to see on electron micrographs. However, in post-embedding labeling immunoelectron microscopy, the larger the size of the gold 127 probes employed, the smaller the number of antigens that can be labeled on the surface of the ultra-thin section. In en bloc preembedding immunoelectron microscopy, larger gold probes penetrate the sample less effectively than small 5-nm gold probes.
The image analyzer can overcome the inevitable disadvantages of the small gold probe. With its application, small gold particles are suitably enhanced and become well visualized in color. Each gold particle scattered on a given electron micrograph can be objectively picked up and enhanced, enabling the observation of the distribution pattern of all antigens on the electron micrograph and the fair evaluation of background labeling even on low-magnification electron micrographs.
Silver staining of the gold particles is another useful method (18) . As we recently demonstrated in immunoelectron microscopy, the silver enhancement provides better demonstration of various antigens under certain conditions (19, 20) . However, the size of the enhanced gold particles varies, making this method unsuitable for quantitative analysis. An image analyzer can also be applied to immunoelectron micrographs previously taken with 5 -nm gold particles.
The possibility of quantitative analysis is one of the advantages of this method. The computerized image analyzer can calculate the total number of gold particles distributed in a certain area and measure the distance from each gold particle to the nearest plasma membrane. These results can be translated with the image analyzer into a diagram, allowing easy and objective quantitative judgement.
We believe that the application of image analysis in immunogold electron microscopy offers various advantages and possibilities for future study, not only in skin research but also in immunoelectron microscopic studies in other fields. gold particles (y-axis) and the distance from the nearest plasma membrane (x-axis) . The majority of bullous pemphigold antigen immunolabeled with this patient's serum was located intracellularly less than 0.4 pm (400 nm) from the plasma membrane.
